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DETERMINING THE MECHANISM OF NF C-TERMINAL MEDIATED 
RADIAL GROWTH OF MYELINATED AXONS 
 
NATALIE L. DOWNER 
ABSTRACT 
Expansion of axonal diameter, referred to as radial growth, is important for rapid 
signal propagation along an axon. For myelinated axons, the diameter of the myelinated 
segments, referred to as the internodes, is increased relative to the unmyelinated 
segments. Neurofilaments (NFs) are the major cytoskeleton proteins in myelinated 
axons and consist of neurofilament light (NF-L), medium (NF-M), and heavy (NF-H) 
subunits. Upon myelination, NF-M and NF-H carboxy termini (C-termini) are 
phosphorylated on conserved lysine-serine-proline (KSP) repeats. It has been 
hypothesized that myelin-dependent phosphorylation of NF C-termini is required for 
radial axonal growth. Deletion of the entire NF-M C-terminus resulted in a significant 
decrease in axonal diameter as well as conduction velocity. However, a direct test of the 
phosphorylation hypothesis showed that phosphorylation of NF-M C-terminal KSP 
repeats was not essential for radial growth. These results suggested that the C-terminus 
of NF-M specifies radial growth and influences conduction velocity by a mechanism that 
was independent of KSP phosphorylation. Recent results suggested that the overall 
length of the C-terminus is required for radial growth as expansion of NF-M C-terminus 
resulted in an increase in the magnitude of radial growth.  
 
 
ix 
Gene targeted mice has given significant insight into the effects of NF-M C-
terminus on radial growth. However, these analyses were performed primarily on motor 
axons.  Due to the limited analysis of sensory axons, the contribution of NFs to radial 
growth of sensory axons is unclear. Therefore, I extended analysis of radial growth in 
sensory axons of existing mouse lines that express genetic modifications to NF-M C-
terminus. Our results suggest that increased axonal diameter in sensory axons was 
selected for through a mechanism that was different from motor axons and was 
independent of NF C-termini.  
Molecular phylogenetic analysis suggested that the NF-M C-terminus was not a 
single domain, but instead, consisted of three sub-domains. Moreover, sequence 
analysis and mouse genetics have suggested that longer NF-M C-termini are associated 
with larger axon diameters. It was, therefore, hypothesized that lengthening the NF-M C-
terminus was a mechanism utilized to increase axonal diameter and conduction velocity 
as mammals evolved larger body plans.  
To provide a direct test of this hypothesis in which the overall length of NF-M C-
terminus was reduced, I generated a novel line of genetically modified mice in which 
gene replacement was applied to delete the first highly conserved NF-M C-terminal sub-
domain. This region of the NF-M C-terminus constitutes 85 amino acids that occur NH2-
terminal to the KSP repeat sub-domain. Decreasing the length of NF-M C-terminus in 
mice increased axonal diameter in large motor axons and resulted in compensatory 
increases in other NF subunits. However, increased axonal diameter did not increase 
conduction velocity possibly due to lack of increased myelin thickness. As expected, 
mice expressing NF-M in which the first highly conserved C-terminal sub-domain was 
deleted did not show any behavioral deficits in response to noxious stimuli. These 
analyses suggested that the overall length of NF-M C-terminus is not required for radial 
growth.
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CHAPTER 1 
INTRODUCTION AND BACKGROUND 
 
1.1 Rapid signal transmission is critical for appropriate nervous system function   
   The nervous system can be divided into two parts: The central nervous system 
(CNS), composed of the brain and the spinal cord; and the peripheral nervous system 
(PNS), consisting of nerves that connect the brain and spinal cord with target organs.  
   An organism’s ability to interact with its environment depends on the function of 
the nervous system. Sensory information from the periphery must be internalized and 
processed for appropriate behavioral responses within a timely manner. Information in 
the form of signals is being transmitted to and from the periphery over long distances. 
But remarkably, these processes occur within fractions of a second. Therefore, speed is 
critical to appropriate nervous system function. Thus, the rapid transmission of signals 
by the nervous system is important for the organism to adapt to its environment and 
increase its chances of survival.  
   Neurons are specialized cells of the nervous system that are adapted for 
transmitting signals over long distances. There are different classes of neurons. The 
morphology of a typical neuron includes the cell body, dendrites, the axon and axon 
terminal though there are some neurons that do not contain this morphology such as 
neurons of the dorsal root ganglia. The cell body (or soma) contains the nucleus and 
ribosomes for gene storage and protein synthesis, respectively. The dendrites are a 
series of small branches projecting from the cell body receiving incoming signals from 
other neurons. A neuron also has a long, tubular structure called an axon. The axon 
typically functions as an output process for the neuron. Signals propagate along the 
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length of the axon and are then transmitted to its postsynaptic target through synapses 
at the axon terminal. My work has focused on peripheral motor and sensory axons. 
Because the cell bodies of these nerves are located within or near the spinal cord, their 
axons must extend for long distances to innervate targets within the periphery. Motor 
and sensory axons in humans can reach up to 1 meter in length and signals must be 
transmitted the entire distance to relay information to target organs. Therefore, signal 
transmission within peripheral motor and sensory axons must be rapid to ensure timely 
response to external stimuli.  
 
  1.2 Neurons transmit information by way of electrical impulses along the axon: 
The effect of axonal diameter on conduction velocity 
     Neurons communicate with their targets by way of action potentials that are 
propagated along the length of the axon. Current flow into axons results in a local 
change in the axon’s voltage. This local depolarizing event propagates down the axon by 
the passive spread of charge from the current source, also known as electrotonic 
conduction. The length constant (λ) measures the efficiency of electrotonic conduction, 
and is defined as the distance where the change in membrane potential,  ∆Vm, has 
decayed to 1/e, or 37% of its initial value (Hodgkin and Rushton, 1946, Hodgkin, 1947). 
Membrane resistance (Rm) and axial resistance (Ra , the axon’s internal resistance to the 
spread of charge) are two passive axonal properties that affect the efficiency of 
electrotonic conduction. By increasing the membrane resistance (greater insulation) and 
decreasing axial resistance (better conducting properties of the axon) the length 
constant is made effectively longer, allowing current to spread farther along the axon 
(Hodgkin and Rushton, 1946, Hodgkin, 1947). While the number of leak ion channels in 
the membrane primarily determines membrane resistance, axial resistance is 
significantly influenced by axonal diameter (Hodgkin and Rushton, 1946, Hodgkin, 1947). 
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Axial resistance decreases in proportion to the square of axonal diameter (Hodgkin and 
Rushton, 1946, Hodgkin, 1947). Thus, axons with larger diameters have a greater 
number of intracellular ions per unit length of the axon. This adaptive strategy allows for 
faster conduction velocities (Hursh, 1939, Rushton, 1951), due in part, to increased 
electrotonic conduction.  
       Some invertebrates, such as the squid, have giant axons with diameter 
measurements as large as 1mm that conduct electrical impulses rapidly (Hodes, 1953), 
but have few peripheral axons relative to mammals. Unlike invertebrates, mammalian 
nerves are composed of thousands of individual axons. If increasing axonal diameter 
were the only mechanism to increase conduction velocity in mammals then the result 
would be nerves that are prohibitively large. Myelination evolved as a mechanism to 
enhance neuronal conduction velocity in relatively small axons. Myelination is a process 
whereby specialized cells of the peripheral and central nervous system, Schwann cells 
and oligodendrocytes respectively, form membrane wrappings around axons. The 
formation of compact myelin increases conduction velocities in relatively small axons by 
increasing membrane resistance and decreasing membrane capacitance (Huxley and 
Stampfli, 1949, Koles and Rasminsky, 1972, Rasminsky and Sears, 1972). Myelination 
also induces cell biological changes in the axon that allows for expansion of axonal 
diameter (Hursh, 1939, Hodes, 1953, Arbuthnott et al., 1980). Consequently, myelinated 
axons that are ~5um in diameter have conduction velocity rates that are similar to 
unmyelinated axons that are ~500um in diameter. Myelin-dependent growth of axonal 
diameter is referred to as radial growth (Cleveland, 1996). Although the mechanisms 
regulating expansion of axonal diameter are unknown, radial growth is dependent upon 
the formation of compact myelin (de Waegh et al., 1992) and the presence of axonal 
neurofilaments (Ohara et al., 1993, Zhu et al., 1997). 
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1.3 Neurofilament proteins, filament composition and posttranslational 
modification  
      Neurofilaments (NFs) are type IV members of the intermediate filament (IF) 
protein family that have 10-nm diameter (Ching and Liem, 1993, Lee et al., 1993). NFs 
are the most abundant cytoskeletal component of large myelinated axons outnumbering 
microtubules 5 to 10 fold (Cleveland, 1996) and are expressed after synaptic 
connections are established during postnatal development (Fuchs and Weber, 1994, 
Yuan et al., 2006a). In mature myelinated axons, NFs are obligate heteropolymers 
requiring neurofilament light (NF-L) to form dimers with either medium (NF-M) or heavy 
(NF-H) (Fig 1.3A (Ching and Liem, 1993). In vitro reassembly studies have shown that 
purified NF-M or NF-H proteins do not form filaments independently (Hirokawa, 1982, 
Hisanaga and Hirokawa, 1988). NF subunits have a stoichiometric ratio of ~4:2:1 (NF-L: 
NF-M: NF-H) (Scott et al., 1985). Recent data suggest that α-internexin, an IF protein, is 
a potential fourth subunit of NFs in the adult central nervous system (Yuan et al., 2006a), 
while peripherin, another IF protein, is a potential subunit of NFs in the adult PNS (Yuan 
et al., 2012). However, the actual composition of mature heteropolymers varies 
according to developmental stage (Shen et al., 2010). 
      All three NF subunits have an amino terminal (NH2-terminal) head domain, a 
central rod domain and a carboxy terminal (C-terminal) tail domain (Fuchs and Weber, 
1994). These three domains are characteristic of the IF protein family and each play a 
role in the assembly of the 10-nm filament (Cleveland, 1996, Fuchs and Cleveland, 
1998). The highly conserved ~310 amino acid α- helical rod domain is essential for 
assembly into the classic 10-nm fiber through coiled-coil interactions. NF-L with either 
NF-M or NF-H dimerize to form parallel coiled-coil structures. Two coiled-coil dimers of 
protein subunits are staggered linearly to form an antiparallel tetramer. Tetramers 
interact longitudinally and laterally to form protofilaments. Two to four protofilaments  
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polymerize to form protofibrils. Two to four protofibrils polymerize to form a 10-nm 
intermediate filament (Fig 1.3 A (Cleveland, 1996, Fuchs and Cleveland, 1998). This 
mechanism of coiled-coil interactions of the central rod domain produces the classic 10-
nm filament. The NH2-terminal head domain of NF-L establishes 10-nm filament 
assembly by promoting lateral association of protofilaments into protofibrils (Fig 1.3 A 
(Heins et al., 1993) and the C-terminal domain of NF-L controls lateral association of 
protofibrils to ensure NF assembly terminates into the 10 nm filament (Gill et al., 1990). 
NFs differ from other IF proteins in that they have side arms that project radially from the 
core of the mature 10-nm filament (Hirokawa, 1982, Lee et al., 1993). These side arms 
are the C-termini of both NF-M and NF-H (Fig 1.3B (Hirokawa et al., 1984, Hisanaga and 
Hirokawa, 1988). 
       The NH2-terminal head and C-terminal tail domain are subject to post-
translational modification.  The head domains of all three NF subunits are O-linked 
glycosylated on multiple serine and threonine sites (Dong et al., 1993, Dong et al., 1996). 
Moreover, there is phosphorylation of multiple serine residues within the head domain of 
NF-L (Sihag and Nixon, 1991) and NF-M (Sihag and Nixon, 1990). The C- termini of NF-
M and NF-H contain central lysine-serine-proline (KSP) repeats that have four variants: 
KSP, KXSP, KXXSP and KSD in which the serine residues become highly 
phosphorylated in vivo (Julien and Mushynski, 1982, 1983). O-linked glycosylation sites 
were identified within the KSP repeat sub-domain of both the NF-H (Dong et al., 1996) 
and NF-M C-termini (Ludemann et al., 2005, Deng et al., 2008). Interestingly, it is 
suggested that NF-M O-linked glycosylation and phosphorylation are regulated 
reciprocally (Ludemann et al., 2005, Deng et al., 2008).  
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Figure 1.3 Assembly of mouse neurofilament proteins into 10 nm filaments. (A) 
The central rod domain is required for 10 nm filament assembly through coiled- coil 
interactions. Two heterodimers are linearly staggered to form an antiparallel tetramer. 
Tetramers associate longitudinally and laterally into protofilaments. Two to four 
protofilaments polymerize to form protofibrils. Two to four protofibrils  polymerize to form 
the 10-nm filament. A cross section of a filament shows 16-32 polypetides in a coiled-coil 
lattice structure. (B) NF-L forms the core of the 10 nm fiber while the tail domains of NF-
M and NF-H extend from the core of the filament as “side-arms” (B). Picture provided by 
M.L. Garcia & D.M. Barry. Cytoskeleton of the Nervous System, Chapter 13 - 
Neurofilament Function Through Gene Targeting 
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1.4 The role of neurofilaments in determining radial growth of myelinated axons: 
insights from non-traditional genetic models 
The development of mature motor neurons is a process that occurs in two 
phases. The first phase involves elongation of the axon from the ventral horn of the 
spinal cord to form a stable synapse with its target (Letourneau, 1996). After stable 
synapse formation, axons undergo a second distinctive phase of growth, known as radial 
growth. Radial growth, the process by which axonal diameter is established, is 
dependent on formation of compact myelin (de Waegh et al., 1992) and axonal NFs 
(Ohara et al., 1993, Zhu et al., 1997). Myelination begins around birth and takes several 
weeks to complete (Jessen and Mirsky, 1999). As myelination progresses, NFs become 
the most abundant structural protein in myelinated axons (Lee and Cleveland, 1996), 
and are phosphorylated on KSP repeats within myelinated axonal regions (de Waegh et 
al., 1992, Yin et al., 1998). Additionally, axonal diameter of myelinated axonal regions 
increases (de Waegh et al., 1992). Quantification of cytoskeleton components showed 
that NF number increases proportionally with axonal diameter (Friede and Samorajski, 
1970).   
     The importance of NFs in establishing axonal diameter was first characterized 
in Japanese quail that exhibited generalized quivering and mild ataxia (Yamasaki et al., 
1991). Myelinated axons of both the central and peripheral nervous system of the quiver 
(Quv) quail were hypotrophic and devoid of NFs (Yamasaki et al., 1991). Loss of axonal 
NF accumulation was due to a spontaneous mutation in NF-L (Ohara et al., 1993). The 
failure of radial growth in Quv resulted in reduced conduction velocities (Sakaguchi et al., 
1993). The specification of axonal diameter by NF accumulation was further confirmed 
by transgenic mice, which were originally produced to study NF-H distribution (Eyer and 
Peterson, 1994). These mice expressed a fusion protein in which the C-terminal domain 
of NF-H was replaced by β-galactosidase (NF-H-LacZ), which resulted in inhibition of NF 
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transport into axons. The fusion protein remained in the cell body forming large 
filamentous aggregates. Loss of NFs resulted in reduction of axonal caliber (Eyer and 
Peterson, 1994), and significant reductions in conduction velocity (Zochodne et al., 2004, 
Perrot et al., 2007). Taken together, it is clear that NFs are essential for radial axonal 
growth. However, our understanding of the role of NFs in the growth and maintenance of 
axonal diameter has not only been confirmed, but also significantly improved by the 
generation of transgenic and knockout mouse models.  
 
1.5 Transgenic mice suggest subunit stoichiometry is important for radial growth.   
The generation of transgenic mice that altered NF subunit composition 
suggested an important role for NF subunit stoichiometry in radial growth.  
Overexpression of any of the three NF subunits in mice inhibited radial growth (Monteiro 
et al., 1990, Cote et al., 1993, Collard et al., 1995, Tu et al., 1995, Wong et al., 1995, 
Marszalek et al., 1996, Xu et al., 1996). Moreover, simultaneous overexpression of NF-
M and NF-H resulted in the most severe reduction in axonal diameter (Xu et al., 1996). 
Conversely, simultaneous overexpression of NF-L with either NF-M or NF-H significantly 
increased axonal diameter (Xu et al., 1996, Meier et al., 1999). Taken together, these 
results suggested that altering the normal NF subunit stoichiometry was sufficient to alter 
axonal diameter. 
 
1.6 Deletion of neurofilament light confirms dependence of radial growth on 
axonal neurofilaments 
Targeted gene deletion in mouse (Zhu et al., 1997) further confirmed a direct role 
for NFs in determining axonal diameter. Deletion of NF-L (NF-L -/-) resulted in axons that 
were devoid of all NFs resulting in decreased radial growth (Zhu et al., 1997) and in 
significant reductions in conduction velocities (Kriz et al., 2000b). Axonal diameter was 
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measured in the L5 ventral roots of 2month old mice. Unlike wild type mice that 
displayed a bimodal distribution of axonal diameters, NF-L -/-  mice yielded a unimodal 
distribution with a ~67 % reduction in peak axonal diameter (Zhu et al., 1997). This 
reduction in axonal diameter resulted in a ~ 70% decrease in conduction velocities (Kriz 
et al., 2000b). Additionally, there was ~ 10% reduction of ventral root axons in 3 month 
old NF-L -/-  mice (Zhu et al., 1997). Finally, the absence of NFs caused an increase in 
microtubules that correlated to an up-regulation in α-tubulin content in sciatic nerve 
axons (Zhu et al., 1997).  Axonal hypotrophy and reduced conduction velocity in NF-L -/-  
mice  recapitulated observations in the Japanese quail. However, unlike NF deficient 
Japanese quail that quivered, NF-L -/-  mice developed no overt phenotypes (Zhu et al., 
1997).  
 
1.7 Deletion of NF-H and NF-M identify NF-M as the critical subunit for radial 
growth 
Loss of NF-L due to a spontaneous mutation in Japanese quail (Yamasaki et al., 
1991) or targeted deletion in mice (Zhu et al., 1997) resulted in axons that were devoid 
of all NFs, suggesting that NF-L is required for NF formation.  However, it was gene 
targeting of NF-H and NF-M that identified the critical subunit and the critical sub-domain 
within this subunit for radial growth. NF-H and NF-M are highly phosphorylated on KSP 
repeats located within their C-terminal domains; therefore phosphorylation was 
implicated as a regulator of radial growth (de Waegh et al., 1992, Hsieh et al., 1994, Yin 
et al., 1998). NF-H being the largest subunit and the most heavily phosphorylated, with 
near stoichiometric levels on its KSP residues (Julien and Mushynski, 1982, 1983), was 
thought to contribute the most to radial growth. Targeted deletion of NF-H (NF-H -/-) was 
performed by three different labs. The overall conclusion was that the loss of NF-H did 
not dramatically affect radial growth (Elder et al., 1998a, Rao et al., 1998, Zhu et al., 
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1998). Interestingly, despite the minor reduction in radial growth, NF-H -/-mice had 
significantly reduced nerve conduction velocity (Kriz et al., 2000a), similar to what was 
observed in NF-L -/-    mice (Kriz et al., 2000b).  
 Deletion of NF-M (NF-M -/-) resulted in a significant decrease in radial growth 
(Elder et al., 1998a). Unlike wild type littermates, NF-M -/- mice did not display bimodal 
distribution of L5 motor axon diameters (Elder et al., 1998a), recapitulating results 
observed in NF-L -/- mice (Zhu et al., 1997). Also, the peak diameter of NF-M -/- mice was 
severely reduced by ~43% compared to wild type controls (Elder et al., 1998a).  Radial 
growth was also reduced in regions of the CNS (Elder et al., 1998a). NF-L levels and 
overall NF content was reduced in L5 motor axons (Elder et al., 1998a). There was also 
~40% reduction in sciatic nerve conduction velocity (Kriz et al., 2000b).  
Deletion of NF-M and NF-H had compensatory effects on other cytoskeleton 
components. NF-M -/- mice had decreased NF-L levels and decreased NF-H 
phosphorylation in spinal cord (Elder et al., 1998a). NF-H -/-mice had increases in NF-M 
expression (Rao et al., 1998), NF-M phosphorylation (Zhu et al., 1998) and microtubule 
accumulation in axons (Rao et al., 1998, Zhu et al., 1998). Though complications arise 
through compensatory effects, the results clearly point to NF-M as the critical subunit for 
radial growth. Therefore, if the myelin-dependent neurofilament phosphorylation 
hypothesis of radial growth were to be supported, it would be reasonable to conclude 
that the critical sites of phosphorylation would be located in the C-terminus of NF-M.                        
                                                                                                                     
1.8 Truncation of NF-H and NF-M C-termini identify NF-M C-terminus as the critical 
domain required for radial growth.  
 Gene targeted mice were generated that express C-terminally truncated NF-M 
(Garcia et al., 2003, Rao et al., 2003), NF-H (Rao et al., 2002) or both (Garcia et al., 
2003). Unlike the complete gene deletions, expressing C-terminally truncated NF-H or 
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NF-M did not alter subunit stoichiometry (Garcia et al., 2003, Rao et al., 2003). 
Truncation of NF-H C-terminus resulted in the loss of 612 amino acids, including the 51 
KSP repeats (referred to as NF-HtailΔ mice) (Rao et al., 2002). Axonal diameter was 
measured in the 5th lumbar (L5) motor at both 2 and 6 months (Rao et al., 2002, Garcia 
et al., 2003). Wild type littermates displayed the typical bimodal distribution of L5 motor 
axon diameters with a smaller and larger peak at ~1 and 6 µm, respectively (Garcia et 
al., 2003). At 2 months, peak diameters of large motor axons in NF-HtailΔ mice were on 
average 1.5 µm smaller, but by 6 months the peak diameters of large motor axons in 
NF-HtailΔ mice were similar to wild type except for the largest motor axons (Rao et al., 
2002, Garcia et al., 2003). Unlike the loss of the entire NF-H subunit, loss of the NF-H C 
terminus did not affect conduction velocity (Rao et al., 2002). NF-H C-terminal truncation 
did not affect diameters of sensory axons in the L5 dorsal root (Rao et al., 2002). 
C-terminal truncation of NF-M C-terminus (referred to as NF-MtailΔ) resulted in the 
loss of 426 amino acids including all 7 KSP repeats (Rao et al., 2002, Garcia et al., 
2003). Axonal diameter was measured in L5 motor ventral axons at both 2 and 6 months. 
At 2 months, peak diameter was reduced for both large and small motor axons, with a 
significant reduction of ~29% for the largest motor axons compared to wild type mice. 
However, there was a small reduction in diameter for the smaller group of L5 motor 
axons similar to that in NF-HtailΔ mice (Garcia et al., 2003). Unlike NF-HtailΔ, by 6 months, 
the peak diameter in the largest motor axons of NF-MtailΔ was severely reduced by ~42% 
compared to wild type controls, which resulted in a ~30% reduction in sciatic nerve 
conduction velocity (Garcia et al., 2003). Consequently, NF-M C- terminus was identified 
as the critical sub-domain for radial growth.  
Analysis of mice expressing both NF-M and NF-H C-terminal truncation (referred 
to as NF-(M/H)tailΔ) supported the observations made in mice expressing single 
truncations (Garcia et al., 2003). At 2 months, peak axonal diameter of large motor 
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axons in NF-(M/H)tailΔ mice was reduced compared to NF-MtailΔ and wild type mice 
(Garcia et al., 2003). The increased effect observed in NF-(M/H)tailΔ mice was attributed 
to an initial delay in radial growth due to the deletion of the NF-H C terminus (Garcia et 
al., 2003). However, just as observed in NF-HtailΔ  mice, axons of NF-(M/H)tailΔ mice grew 
from 2 to 6 months achieving the largest diameter that can be attained in the absence of 
the NF-M C terminus (Garcia et al., 2003). Taken together these results supported 
previous findings of distinct roles for NF-M and NF-H C-termini. NF-M C-terminus 
determined mature axonal caliber while NF-H C-terminus influenced the rate of axonal 
growth.  
 
1.9 Preventing NF-M KSP phosphorylation challenges the myelin dependent 
phosphorylation hypothesis of Radial Growth 
      For years phosphorylation of NF C-termini was considered a major 
determinant of radial axonal growth. Truncation of NF-M C-terminus reduced axonal 
diameter by ~40% which resulted in ~30% reduction in the rate of conduction (Garcia et 
al., 2003). These were key findings that seemed to support a phospho-dependent 
mechanism for radial growth. However, in order to provide a direct test of the NF 
phosphorylation hypothesis of radial growth, gene targeted mice were generated in 
which all KSP serine residues were mutated to alanine thereby preventing 
phosphorylation of KSP repeats (Julien and Mushynski, 1982, 1983) without deleting all 
426 amino acids of the NF-M C terminus (referred to as NF-MSàA mice). The mutation of 
all seven KSP serine residues resulted in increased electrophoretic mobility of NF-M 
(Garcia et al., 2009), which is consistent with dephosphorylation (Julien and Mushynski, 
1982, 1983). Moreover, mice expressing KSP phospho-incompetent NF-M had no 
alterations in NF subunit stoichiometry or the expression of other cytoskeletal proteins, 
such as a neuron specific isoform of tubulin, ßIII-tubulin (Garcia et al., 2009).  
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      Axonal diameter was measured at 2 and 6 months in the L5 ventral root in 
both NF-MSàA and wild type mice. Surprisingly, at both time points, there was no 
difference in the peak diameters of both small and large motor axons for NF-MS->A and 
wild type mice (Garcia et al., 2009). Analysis of interfilament spacing and neuronal 
conduction velocities in NF-MS->A and wild type mice also revealed no differences 
(Garcia et al., 2009). Evidence suggested that the NF-M C-terminus was required to 
obtain normal axonal caliber, but results from NF-MSàA mice suggested that 
phosphorylation of NF-M C-terminal KSP repeats was not necessary for radial axonal 
growth. 
 
1.10 Models proposed to explain how NF C-termini mediate radial growth                 
      It is unclear how NF C-termini mediate radial growth. However, two general 
models have been proposed. The first model is the cross bridging model. Utilizing quick 
freeze deep etch electron microscopy (QFDE-EM), it was observed that NF-NF cross 
bridges structure axoplasm (Hirokawa, 1982). NF associated cross bridges form an 
extensive network in axoplasm that may form NF-NF or NF-microtubule (MT) crosslinks 
(Hirokawa, 1982). Using specific antibodies in combination with QFDE-EM, NF cross 
bridges were identified as the C-terminus of NF-H and, to a lesser degree NF-M 
(Hirokawa et al., 1984). In vitro studies involving low angle rotary shadowed images of 
purified reconstituted NF subunits (Hisanaga and Hirokawa, 1988) as well as in vivo 
experiments utilizing Sf90 baculovirus system to express truncated versions of NF-M 
and NF-H (Nakagawa et al., 1995, Chen et al., 2000) provided further evidence that 
these cross bridges consist of NF-M and NF-H C-termini. Gene targeting studies did not 
support an important role for NF-H C-terminus in determining axonal diameter (Rao et al., 
1998, Rao et al., 2002, Garcia et al., 2003), but NF-M C-terminus was implicated in 
playing a critical role (Elder et al., 1998a, Garcia et al., 2003, Rao et al., 2003). Results 
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from gene-targeted mice did not negate the cross bridging model. However, taken 
together these results suggested that the less abundant NF-M C-terminal cross bridges 
played a larger role in radial growth than NF-H C-terminal cross bridges.  
      The second model was based upon repulsive interactions between NF C-
termini due to high levels of phosphorylation. The C-termini of NF-H and NF-M are highly 
phosphorylated (Julien and Mushynski, 1982, 1983). Phosphorylation of C-termini was 
associated with increased total negative charge and lateral extension from the filament 
core (Glicksman et al., 1987, Myers et al., 1987). Increasing lateral extension juxtaposes 
two highly phosphorylated and negatively charged C-termini resulting in electrostatic 
repulsion and increased NF-NF spacing. Recently, the polymer brush model has been 
proposed in which the NF C-termini structure axoplasm through long-range repulsive 
forces (Mukhopadhyay et al., 2004). In this model, the NF C-termini were highly 
unstructured exerting long-range repulsive forces through thermally driven (Brownian) 
motion (Mukhopadhyay et al., 2004). Rapid thermal movement of NF C-termini resulted 
in an increase in the number of conformations of NF C-termini within a given volume 
((Mukhopadhyay et al., 2004). As a result of the varied conformations, an exclusion zone 
was created that extends 50-100nm from the core of the intact NF (Brown and Hoh, 
1997). Phosphorylation of NF-C-termini was predicted to increase intramolecular 
electrostatic repulsion causing the exclusion volume around the NF to effectively 
increase resulting in increased NF-NF distances (Mukhopadhyay et al., 2004). 
       While the repulsive models differ in the conformation of NF C-termini, they 
both relied on phosphorylation of NF C-termini as an explanation for the large axonal 
diameters observed in myelinated internodes (de Waegh et al., 1992, Garcia et al., 
2003), which would suggest a major role for NF-H. However, gene targeting of NFs 
revealed that deletion (Rao et al., 1998) or C-terminal truncation (Rao et al., 2002) of 
NF-H did not affect radial growth as much as expected. Instead, gene targeting 
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suggested that NF-M C-terminus was required for radial growth (Garcia et al., 2003) 
independent of KSP phosphorylation (Garcia et al., 2009). Gene targeting studies have 
provided some key insights into the molecular basis of NF dependent radial growth. 
However, more conclusive answers are needed to understand how NF-M C-terminus 
determines axonal caliber.  
 
1.11 Variation of the NF-M C-terminus across mammalian species 
 Mouse nefm is composed of three exons and two introns (Levy et al., 1987, 
Myers et al., 1987). Exon 3 codes for the entire NF-M C-terminus, which is required for 
radial growth (Garcia et al., 2003). A repeated KSP motif has been identified within the 
426 amino acids of NF-M C-terminus (Levy et al., 1987, Myers et al., 1987, Napolitano et 
al., 1987). Recently, a molecular evolutionary study of NF-M exon 3 was performed in an 
effort to provide insight into the structure and function of NF-M C-terminus. Exon 3 was 
amplified and sequenced from several species across mammalian orders. The alignment 
of translated DNA sequences revealed two regions that were highly conserved across 
mammalian orders flanking a variable KSP repeat region (Fig 1.9 (Barry et al., 2010). 
The amino (referred to as region 1) and carboxy (referred to as region 3) sub-domains 
were conserved across mammalian orders, and had amino acid sequence identities 
ranging from 81%-99% and 80% -100%, respectively (Barry et al., 2010). The KSP 
repeat domain (referred to as region 2) was variable across mammalian orders with a 
64.4%-99.6% amino acid percentage identity (Barry et al., 2010). The variability of this 
domain was due, in part to the differing KSP repeat number across mammals. For 
example, the number of KSP repeats within mouse NF-MC-terminus was 7, while the 
number of KSP repeats in rat and cow NF-M C-termini was 8 and 22, respectively (Table 
1) (Barry et al., 2010). However, KSP repeats were conserved within a species. 
Sequence analysis of exon 3 of nefm within mouse, rat and human revealed no allelic 
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variations in the number of KSP repeats. Also, no amino acid variations were identified 
within exon 3 of any of the species (Table 2) (Barry et al., 2010). 
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Figure 1.9. Mouse neurofilament medium. NF-M C-terminal domain is highlighted 
showing its division into three sub-domains: the amino, KSP repeat and carboxy sub-
domains with percentage identities for each domain. Barry et al, JEB, 2009. 
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Table 1. Number and Type of NF M KSP Repeats in Various Mammals. 
 
                                                                                                       Barry et al, JEB, 2009 
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 Table 2. No intra-species variation in number of KSPS in mouse, rat and 
human NF-M   
 
 
                                                                                                         Barry et al JEB, 2009 
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1.12 Axonal diameter correlates with KSP repeat number in a subset of mammals 
Insights gained from sequencing exon 3 of nefm suggested that KSP repeat 
number positively correlated with larger head-body length in some mammals. To 
determine if KSP repeat number correlated with axonal diameter, axonal diameter 
distributions and total axon counts were analyzed in the 5th lumbar ventral roots of mice, 
rats and cows. Axon calibers for all three species displayed typical bimodal distribution 
(Fig 1.10 (Barry et al., 2010). The peak diameter of the largest motor axons in mouse, 
rat and cow were 6,7, and 10 um, respectively (Barry et al., 2010). The data suggested 
that axonal caliber increased in mammals. Interestingly, increased axonal diameter 
correlated with expansion in KSP repeats within the NF-M C-terminus (Barry et al., 
2010).  
Gene replacement in mice confirmed that increasing the length of NF-M C-
terminus increased radial growth of large motor axons (Barry et al., 2012). Replacing 
mouse exon 3 with cow exon 3 increased the length of the NF-M C-terminus (NF-
MBovineTail) (Barry et al., 2012).  Axonal diameter was measured in L5 motor ventral axons 
at both 2 and 6 months. Both wild type and NF-MBovineTail mice displayed a bimodal 
distribution of axonal diameters (Barry et al., 2012).  At 2 and 6 months, peak diameter 
of large motor axons was increased for NF-MBovineTail mice relative to wild type littermate 
(Barry et al., 2012). The peak diameters of large motor axons in NF-MBovineTail mice were 
1µm and 0.75 µm greater than large wild type axons at 2 and 6 months, respectively 
(Barry et al., 2012). Interestingly, at 2 months the peak diameter of small motor axons for 
NF-MBovineTail mice was 0.5 µm smaller, but by 6 months the peak diameters of small 
motor axons was similar to wild type (Barry et al., 2012). Surprisingly, increased axonal 
diameter for large motor axons had no effect on sciatic nerve conduction velocity in NF-
MBovineTail mice (Barry et al., 2012). Failure to increase conduction velocity may have 
been due to relatively thinner myelin in NF-MBovineTail mice, with no visible abnormalities in 
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myelin structure (Barry et al., 2012). Despite not increasing small motor axon diameter, 
myelin thickness was reduced at both 2 and 6 months for small motor axons of NF-
MBovineTail mice relative to wild type mice (Barry et al., 2012). Myelin thickness of large  (> 
4 µm) motor axons was indistinguishable from that of wild type mice at 2 months but by 
6 months was significantly decreased, suggesting that the rate of increase is 
compromised compared to wild type mice (Barry et al., 2012). The effect of NF-MBovineTail 
on conduction velocity was recapitulated from mathematical modeling (Barry et al., 
2012). Moreover, mathematical modeling predicted that increased axonal diameter 
would have resulted in faster motor nerve conduction velocity had myelin thickness 
increased proportionally to NF-MBovineTail mice (Barry et al., 2012). Additionally, mice 
expressing NF-MBovineTail had no alterations in NF subunit stoichiometry, accumulated 
levels of NF-L, NF-M and NF-H or cytoskeletal organization, such as neurofilament 
spacing (Barry et al., 2012). Taken together, it was demonstrated that increasing the 
overall length of NF-M C-terminus, resulted in larger axonal diameters in motor neurons 
(Barry et al., 2012). It was suggested that expansion of the NF-M C-terminus might have 
enhanced radial growth by increasing the distance it projects from the filament core 
allowing longer-range cytoplasmic interactions (Barry et al., 2012). Since altering the 
length of the C-terminus affected radial growth, the idea then would be that the overall 
length of the C-terminus, that is all three domains, is important for establishing axonal 
diameter of peripheral nerves. 
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Figure 1.12 NF-M KSP repeat numbers correlate with larger axonal diameters 
Distribution of axonal diameters in 5th lumbar motor axons in wild-type mouse, wild type 
rat and cow. Mice and rats analyzed were 6 months, and cows were 7 months old. At 
similar ages, mammals with more KSP repeats (22 in cow versus 7 and 8 for mouse and 
rat, respectively) have significantly larger axonal diameters. Barry et al, JEB, 2009. 
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1.13 Thesis Synopsis  
      Truncation of NF-M C-terminus, including all of its phosphorylation sites 
resulted in reduced radial growth with slowed conduction velocities (Garcia et al., 2003), 
which appeared to support the phosphorylation hypothesis of radial growth. However, 
generation of KSP phospho-incompetent NF-M mice had no effect on axonal diameter 
(Garcia et al., 2009). Taken together, these results suggested that NF-M C-terminus 
regulates radial growth in a phospho-independent manner in maturing neurons. Recent 
findings suggested that the overall length of the C-terminus affected radial growth as 
replacing mouse NF-M C-terminus with bovine exon 3 resulted in an increase in the 
magnitude of radial growth (Barry et al., 2012). However, these analyses were limited to 
motor axons.  Therefore, I extended analysis of radial growth in sensory axons of 
existing mouse lines that express NF-MTailΔ, NF-(M/H)TailΔ , NF-MS->A and  NF-MBovineTail  to 
determine if genetic modifications to NF-M C-terminus also affect sensory axon 
morphology. Truncation of neurofilament medium (NF-MTailΔ ) or both neurofilament 
medium and heavy (NF-(M/H)TailΔ) did not affect the peak or overall diameter 
distributions of sensory axons. However, truncating NF C-termini altered survival of 
sensory axons in mice. Preventing KSP phosphorylation (NF-MS->A) as well as expansion 
of the C-terminus of neurofilament medium (NF-MBovineTail) did not alter radial growth or 
affect neuronal survival of sensory axons. Our analysis of the role of NF C-termini in 
sensory neurons suggests that neurofilaments can have significantly different effects on 
neurons derived from different tissues. However, NF dependent phosphorylation does 
not affect axonal morphology for either motor or sensory axons. 
Molecular phylogenetic analysis suggested that the NF-M C-terminus was not a 
single domain, but instead, consisted of three sub-domains (Fig 1.9 (Barry et al., 2010). 
Additional results gained from the NF-M C-terminus evolutionary study suggested that 
increased axonal diameter correlated with expansion in KSP repeats within the NF-M C-
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terminus (Barry et al., 2010). Moreover, gene-targeted mice confirmed that increasing 
the length of NF-M C-terminus increased radial growth of large motor axons (Barry et al., 
2012).  Therefore, if the overall length (all three sub-domains) of NF-M C-terminus is 
necessary for radial growth, the idea then would be that decreasing the length may 
decrease its projection from the core allowing shorter-range interactions, resulting in 
reduced radial growth. Moreover, as all three sub-domains were deleted in the original 
C-terminal truncation (Garcia et al., 2003), it is possible that all three domains of NF-M 
C-terminus are required for radial growth. In order to test my hypothesis I deleted the 
first highly conserved NF-M C-terminal sub-domain. I utilized site-directed mutagenesis 
and gene replacement to generate mice expressing a deletion of the 85 amino acids that 
occur NH2-terminal to the KSP repeat sub-domain (region 1, Fig 1.9). These 85 amino 
acids constitute the first highly conserved sub-domain of NF-M C-terminus and their loss 
will shorten the tail domain of NF-M and may result in shorter-range interactions in 
axoplasm. In summary, my dissertation may provide insight into the mechanism of radial 
axonal growth.  
 
 
 
 
 
 
 
 
 
 
 
 
 
25 
Chapter 2 
Neurofilament C-termini do not affect radial growth but are required for 
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Abstract 
Gene replacement in mice revealed that the C-terminus of neurofilament medium 
(NF-M) determined axonal diameter by a mechanism independent of KSP repeat 
phosphorylation. Moreover, increasing the length of NF-M C-terminus increased radial 
growth of large motor axons. However, the majority of these studies were performed on 
motor axons of the sciatic nerve with relatively little investigation of sensory axons. 
Evidence suggested that alterations and mutations in NFs were associated with 
diseases that affect sensory axons. We have, therefore, extended the analysis of 
existing mouse lines that express NF-MTailΔ, NF-(M/H)TailΔ , NF-MS->A and  NF-MBovineTail to 
determine what role, if any, the NF-M C-terminus  and its KSP phosphorylation has in 
radial growth of sensory axons. Truncation of neurofilament medium (NF-MTailΔ ) or both 
neurofilament medium and heavy (NF-(M/H)TailΔ) did not affect the peak or overall 
diameter distributions of sensory axons. However, truncating NF C-termini altered 
survival of sensory axons in mice. Preventing KSP phosphorylation (NF-MS->A) as well as 
expansion of the C-terminus of neurofilament medium (NF-MBovineTail) did not alter radial 
growth or affect neuronal survival of sensory axons. Our analysis of the role of NF C-
termini in sensory neurons suggests that neurofilaments can have significantly different 
effects on neurons derived from different tissues. However, NF dependent 
phosphorylation does not affect axonal morphology for either motor or sensory axons. 
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 Introduction 
Maturation of the peripheral nervous system requires establishment of axonal 
diameter, a fundamental axonal property that influences the rate of action potential 
propagation (Waxman, 1980). Myelination is necessary for rapid impulse transmission 
(Huxley and Stampfli, 1949) and occurs on axons that are greater than 1 µm (Duncan, 
1934). Myelination increases conduction rates by preventing charge loss and reducing 
membrane capacitance (Huxley and Stampfli, 1949, Koles and Rasminsky, 1972, 
Rasminsky and Sears, 1972). Myelination also initiates cell biological changes in axons 
resulting in larger axonal diameters (de Waegh et al., 1992) further decreasing axonal 
resistance (Hursh, 1939, Boyd and Kalu, 1979). 
 Radial growth, the increase in axonal diameter that occurs with 
myelination (Cleveland, 1996), is dependent upon both myelination (de Waegh et al., 
1992) and neurofilaments (NFs) (Ohara et al., 1993, Zhu et al., 1997). NFs are obligate 
heteropolymers, and can be composed of neurofilament light (NF-L), neurofilament 
medium (NF-M), neurofilament heavy (NF-H) (Lee et al., 1993), and α-internexin (Yuan 
et al., 2006b). The composition of NF heteropolymers varies with developmental stage 
(Shaw and Weber, 1982, Shen et al., 2010). 
Gene targeting of NFs established that NF-M (Elder et al., 1998a) and NF-L (Zhu 
et al., 1997) were required for radial growth as loss of each of these subunits resulted in 
small caliber axons with slowed conduction velocities (Kriz et al., 2000b). Moreover, NF-
M C-terminus established axonal diameter by a mechanism that was independent of 
KSP phosphorylation (Garcia et al., 2003, Garcia et al., 2009). Recent work suggested 
that the overall length of the C-terminus affected radial growth as replacing mouse NF-M 
C-terminus with bovine exon 3 resulted in an increase in the magnitude of radial growth 
(Barry et al., 2012). However, these analyses were limited to motor axons. 
While the precise role of NFs is unclear in sensory nerves, alterations in NFs 
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were associated with pathology of sensory axons. Diabetic neuropathy affected sensory 
nerves and dorsal root ganglia (Biessels et al., 2002), and was characterized by slowing 
of conduction velocity and axonal atrophy (Yagihashi et al., 1990, Zochodne et al., 2004, 
Ludemann et al., 2005). Evidence suggested that NF C-terminal hyperphosphorylation 
(Yagihashi et al., 1990, Schmidt et al., 1997, Fernyhough et al., 1999, Liu et al., 2004, 
Zochodne et al., 2004, Ludemann et al., 2005), alterations in axonal transport (Yagihashi 
et al., 1990, Zochodne et al., 2004), and NF accumulation (Arvanitakis et al., 2004) 
contributed to disease pathogenesis. Additionally, sensory nerves were affected in 
Charcot-Marie-Tooth (CMT) disease (Suter and Scherer, 2003), which is the most 
commonly inherited peripheral neuropathy (Skre, 1974, Emery, 1991). CMT2E was 
directly linked to mutations in neurofilament light gene (Nefl) (Lupski, 2000, Jordanova et 
al., 2003, Fabrizi et al., 2004, Yamamoto et al., 2004, Zuchner et al., 2004, Andrigo et al., 
2005, Kabzinska et al., 2006, Leung et al., 2006, Fabrizi et al., 2007, Shin et al., 2008) 
that spanned all three functional domains of NF-L (Barry et al., 2007). Expressing hNF-
LE397K (Zuchner et al., 2004) resulted in a slight reduction in the number of sensory axons 
(Shen et al., 2011). Taken together, these observations suggested that alterations in 
NFs were associated with diseases affecting sensory axons, and mutations in Nefl 
cause CMT2E, which was characterized with decreased sensory nerve function (De 
Jonghe et al., 2001). Yet, we know very little about the role of NFs in sensory neurons. 
To broaden our understanding of the mechanisms utilized in establishing axonal 
diameter of peripheral nerves, we have now extended the analysis of NF-MTail∆, NF-
(M/H)Tail∆ , NF-MSàA  and NF-MBovineTail to determine the contribution, if any, of NF C-
termini and NF-M KSP phosphorylation to radial growth of sensory axons. 
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 Experimental Procedures 
 Animals 
Mice were housed in microisolator cages on a 12-h light/dark cycle and were 
given food and water ad libitum. All procedures were in compliance with the University of 
Missouri Animal Care and Use Committee and with all local and federal laws governing 
the humane treatment of animals. 
 
 Tissue preparation and morphological analysis 
Mice were perfused intracardially with 2.5% glutaraldehyde and 4% 
formaldehyde in 0.1 M Sorenson’s phosphate buffer, pH 7.2, and postfixed overnight in 
the same buffer. Samples were treated with 2% osmium tetroxide, washed, 
dehydrated,and embedded in Epon-Araldite resin as previously described (Garcia et al., 
2003). Thick sections (0.75µm) for light microscopy were stained with p-phenylene 
diamine. Cross sections of L5 sensory axons were analyzed in five to six mice per 
genotype and each age group. Axonal diameters were measured using the AxioVision 
Digital Image Processing Software (Carl Zeiss MicroImaging Inc.). Entire roots were 
imaged, imaging thresholds were selected individually, and the cross-sectional area of 
each axon was calculated and reported as a diameter of a circle of equivalent area. 
Axon diameters were grouped into 0.5 µm bins (Pointzilla, NCMIR, UCSD). 
 
 Statistical analysis 
Axonal diameter distributions in mice expressing truncated NFs were analyzed 
for overall statistical significance by either two-way ANOVA with Holm-Sidak posthoc 
analysis for pair wise comparisons (for mice expressing C-terminally truncated NFs) or 
by Mann-Whitney U-test (for all others). For NF-MSàA and NF-MBovineTail mice, diameter 
distributions were analyzed by Mann-Whitney U-test. Total axon counts were analyzed 
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by two-way ANOVA with Holm-Sidak posthoc analysis for pair wise comparisons. All 
statistical analysis was performed with SigmaPlot (Systat Software Inc, San Jose, CA).  
 
Results 
NF C-termini are required for survival of sensory axons 
Expressing C-terminally truncated NF-M (NF-MTail∆) resulted in impaired radial 
growth of motor axons (Garcia et al., 2003). Moreover, simultaneous expression of both 
C-terminally truncated NF-M and NF-H (NF-(M/H)Tail∆) affected both the rate of radial 
growth and the diameter of motor axons (Garcia et al., 2003). To determine if NF C-
termini regulate radial growth of sensory axons, the diameter of all axons within the 5th 
lumbar dorsal root was determined at 2 (Fig. 2.1A) and 6 (Fig. 2.1B) months. Cross 
sectional areas were measured for all axons at both time points, and corresponding 
diameters were calculated. There was no difference in the peak diameter of NF-MTailΔ, 
NF-(M/H)TailΔ relative to wild type littermates at both time points. However, loss of NF C-
termini resulted in increased numbers of small sensory axons at 2 months in both NF-
MTailΔ and NF-(M/H)TailΔ relative to wild type mice (Fig. 2.1A). To determine if this 
increase in axonal numbers was significant, diameter distributions were analyzed for 
overall statistical significance by post hoc (t) tests. This analysis suggested that the 
increase in axonal numbers was significant for axons within 0-1µm range (Table I). 
Interestingly, the observed increase in the number of small axons was limited to younger 
mice. By 6 months, the number of small axons was reduced relative to wild type mice 
(Fig.2.1B). This analysis suggested that the decrease in axonal numbers observed in 
NF-MTail∆ and NF-(M/H)Tail∆ was significant for 0.5µm axons (Table II). Values not 
included in Tables I and II were not significant.  
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Figure 2.1 Loss of NF C-termini has no effect on radial growth but is required for 
survival of sensory axons Distribution of axonal diameters in sensory axons in (A) 2 
and (B) 6-month-old wild type, NF-MTailΔ, and NF-(M/H)TailΔ homozygous mice. Each 
point represents the averaged distribution of axon diameters from the entire roots of five 
mice for each genotype and age group. There was no difference in the peak diameter of 
NF-MTailΔ, NF-(M/H)TailΔ relative to wild type littermates at both time points. Axonal 
populations were analyzed for statistical differences using post hoc (t) tests. The number 
of axons within the 0-1µm range was significantly increased in NF-MTailΔ, and NF-
(M/H)TailΔ. Additionally, the number of 0.5µm axons was significantly reduced in 6-month-
old NF-MTailΔ, and NF-(M/H)TailΔ mice. Tables III and IV show analysis of diameter 
distributions by two-way ANOVA done prior to post hoc (t) tests.  
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Diameter distributions suggested that mice expressing C-terminally truncated 
NFs had significantly altered axon numbers at specific diameters. To determine if there 
were differences in total axons and if total axons numbers decreased with time, we 
counted all the axons of the 5th lumbar dorsal root. The total number of sensory axons 
was altered in mice expressing C-terminally truncated NFs. At 2 months, expressing C-
terminally truncated NFs increased the total number of axons relative to wild type mice 
(Fig. 2.2). At 6 months, total axons were reduced relative to wild type in mice expressing 
C-terminally truncated NF (Fig. 2.2). Total axon counts were significantly different 
between different genotypes at the same time point. Specifically, at 2 months, NF-
(M/H)Tail∆ had significantly more axons than NF-MTail∆ and wild type mice. However, at 6 
months, total axons counts decreased for both NF-MTail∆ and NF-(M/H)Tail∆, but only the 
difference between NF-MTail∆ and wild type was significant. We simultaneously analyzed 
total axon counts within a genotype at both time points. Total number of axons were 
significantly reduced from 2 to 6 months for both NF-MTail∆ and NF-(M/H)Tail∆ mice (Fig. 
2.2).  Statistical significance determined for total axon counts between different 
genotypes and within a genotype was also shown in Tables V and VI respectively.  
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Figure 2.2 Total number of sensory axons are significantly altered in NF-(M/H)TailΔ 
and NF-MTailΔ mice Number of axons in L5 sensory roots of wild type, NF-MTailΔ and  NF-
(M/H)TailΔ homozygous animals were compared at both 2 to 6 months. Counts are 
average for four to five animals for each genotype.  At 2 months, NF-(M/H)TailΔ had 
significantly more axons than NF-MTailΔ and wild type mice. Axon numbers were 
significantly reduced at 6 months for NF-MTailΔ  relative to wild type mice. Axon number 
was also significantly reduced in 6-month-old NF-MTailΔ, and NF-(M/H)TailΔ mice relative to 
2-month-old mice of the same genotype. See Tables V and VI for P values. Axonal 
populations were analyzed for statistical differences using post hoc (t) tests. 
 
 
 
 
 
36 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
37 
 Absence of NF-M Phosphorylation does not affect radial growth or survival of 
sensory axons  
  Truncation of NF C-termini altered the number of sensory axons and reduced 
radial growth of motor axons (Garcia et al., 2003). However, motor nerves do not require 
KSP phosphorylation for radial growth (Garcia et al., 2009). To further analyze the role of 
NF-M C-terminus and KSP phosphorylation, we analyzed radial growth and total axon 
number from sensory nerves of the 5th lumbar sensory root in mice expressing full length, 
KSP phospho-incompetent NF-M (NF-MS->A). Similar to truncation, preventing KSP 
phosphorylation did not alter peak axonal diameter or overall diameter distributions at 
both 2 (Fig. 2.3A) and 6 months (Fig. 2.3B). The difference in peak diameter between 
mice expressing truncated NFs (Fig. 2.1A and B) and NF-MSàA (Fig. 2.3A and B) likely 
reflects systematic differences in the preparation and analysis between the samples 
rather than a meaningful increase in peak diameters of NF-MSàA and their 
contemporaneous wild type littermates. Moreover, there was no effect on the total 
number of sensory axons. At 2 and 6 months, the total number of axons in NF-MS->A was 
reduced relative to wild type controls (Fig. 2.4). However, neither of these differences 
was significant. Moreover, there was no difference in axon number from 2 to 6 months 
within a genotype (Fig. 2.4).  
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Figure 2.3 Absence of NF-M phosphorylation does not affect radial growth or 
survival of sensory axons . Distribution of axonal diameters in sensory axons in (A) 2 
and (B) 6-month-old wild type and NF-MS->A homozygous mice. Each point represents 
the averaged distribution of axon diameters from the entire roots of five mice for each 
genotype and age group. Axonal populations were analyzed for statistical differences 
using Mann-Whitney U-test. There was no difference in peak axonal diameter or overall 
diameter distributions between genotypes at the same time point.  
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Figure 2.4 Preventing KSP phosphorylation has no significant effects on total 
numbers of sensory axons Number of axons in L5 sensory roots of wild type and NF-
MS->A homozygous animals were compared at both 2 to 6 months. Total axon numbers 
were analyzed for statistical significance using two-way ANOVA with Holm-Sidak 
posthoc analysis. Axon numbers were not significantly different between or within 
genotypes.  
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 Expansion of NF-M C-terminus has no effect on radial growth of sensory axons  
Phylogenetic analysis of NF-M C-terminus suggested that KSP repeat number 
and overall length of NF-M C-terminus correlated with larger axonal diameter (Barry et 
al., 2010). To test this hypothesis, gene targeting was utilized to expand NF-M C-
terminus and its 7 KSP repeats by replacement with bovine C-terminus and its 22 KSP 
repeats (Barry et al., 2012). Increasing the overall length of NF-M C-terminus resulted in 
larger diameters in motor axons. To determine if expansion of NF-M C-terminus affects 
sensory axons, the diameter of all axons within the 5th lumbar dorsal root of NF-MBovineTail . 
There was no difference in axon diameter between wild type and NF-MBovineTail at 2 (Fig. 
2.5A) or 6months (Fig. 2.5B). Moreover, NF-M C-terminal expansion did not alter the 
total number of sensory axons (Fig. 2.6).   
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Figure 2.5 Expansion of NF-M C-terminus has no effect on radial growth of 
sensory axons Diameter distributions of all axons within the 5th lumbar dorsal root of 
NF-MBovineTail and wild type homozygous animals compared at (A) 2 and (B) 6 months. 
Each point represents the averaged distribution of axon diameters from the entire roots 
of five mice for each genotype and age group. Axonal populations were analyzed for 
statistical differences using Mann-Whitney U-test. There was no difference in peak 
axonal diameter or overall diameter distributions between genotypes at the same time 
point 
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Figure 2.6 NF-M C-terminal expansion does not alter the total number of sensory 
axons Number of axons in L5 sensory roots of wild type and NF-MBovineTail homozygous 
animals were compared at both 2 to 6 months. Total axon numbers were analyzed for 
statistical significance using two-way ANOVA with Holm-Sidak posthoc analysis. Axon 
numbers were not significantly different between or within genotypes.  
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Discussion 
Analysis of motor axons suggested that the overall length of NF-M C-terminus 
influenced axonal diameter of motor axons (Garcia et al., 2003, Barry et al., 2012). While 
the majority of sensory axons were small, a small subset of sensory axons obtained 
diameters of 6-7µm, which was equivalent to the peak diameter observed in large motor 
axons (Garcia et al., 2003, Garcia et al., 2009, Barry et al., 2012). What has become 
clear from our current analysis is that the mechanism(s) regulating axonal growth must 
be different between motor and sensory axons, as altering the length of NF-M C-
terminus had no effect on radial growth of small or large sensory axons (Fig. 2.1, 2.3 and 
2.5). In fact, due to the limited analysis of sensory axons, the contribution of NFs to 
radial growth of sensory axons is unclear. Deletion of NF-M (Elder et al., 1998a) reduced 
axonal diameter in both the 5th lumbar ventral root and the sciatic nerve. However, as 
the sciatic nerve consists of both motor and sensory axons, it is unclear if the observed 
reductions were the result of reduced diameters of motor axons, sensory axons or both. 
Thus, the mechanism regulating radial growth of sensory axons remains unclear.  
The unexpected result was that the NF C-termini influence sensory axon survival. 
At 2 months, truncation of both NF-M and NF-H C-termini resulted in a significant 
increase in the number of sensory axons (Fig. 2.2). Interestingly, truncation of NF-M (Fig. 
2.2) or NF-H (Rao et al., 2002) had no effect on axon number at 2 months. At 6 months, 
truncation of NF-M or NF-M and NF-H reduced sensory axon number (Fig. 2.2), whereas 
truncation of only NF-H had no effect on axon number (Rao et al., 2002). Reductions in 
axonal number were only significant for NF-MTail∆ versus wild type. However, when axons 
numbers were compared between 2 and 6 months within the same genotype, both NF-
MTail∆ and NF-(M/H)Tail∆ had a significant reduction in the number of sensory axons. 
Previous analysis of sensory axons suggested that truncation of NF-M C-terminus 
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reduced radial growth without altering survival (Rao et al., 2003). Our data for NF 
truncated mice are in contrast to these earlier observations. However, it is unclear why 
our results differed from this previous report.   
We have hypothesized that lengthening the NF-M C-terminus was a mechanism 
utilized to increase axonal diameter and conduction velocity as mammals evolved larger 
body plans (Barry et al., 2010). A direct test of this hypothesis suggested that increasing 
the overall length of NF-M enhanced radial growth in motor axons (Barry et al., 2012), 
but had no effect on axonal diameter of sensory axons (Fig. 2.5). If selective pressures 
resulted in larger axons with increased conduction velocities in both motor and sensory 
axons, then our results suggest that increased axonal diameter in sensory axons was 
selected for through a mechanism that was different from motor axons and was 
independent of NF C-termini.  
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The highly conserved NH2- terminal end of NF-M C-terminus is not the 
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Abstract 
Maturation of the peripheral nervous system requires establishment of axonal 
diameter, a fundamental axonal property that significantly influences the rate of nerve 
conduction velocity. Radial growth, the process by which axonal diameter is established, 
is dependent on both the formation of compact myelin and neurofilament medium (NF-
M) C-terminus. Molecular phylogenetic analysis suggested that the NF-M C-terminus 
was not a single domain, but instead, consisted of three sub-domains. Moreover, 
sequence analysis and mouse genetics have suggested that longer NF-M C-termini are 
associated with larger axon diameters. The present study is the first direct test of this 
hypothesis in which the overall length of NF-M C-terminus was reduced.  We have 
applied gene replacement to delete the first highly conserved NF-M C-terminal sub-
domain. This region of the NF-M C-terminus constitutes 85 amino acids that occur NH2-
terminal to the KSP repeat sub-domain. Decreasing the length of NF-M C-terminus in 
mice increased axonal diameter in large motor axons and resulted in compensatory 
increases in other NF subunits. However, increased axonal diameter did not increase 
conduction velocity possibly due to lack of increased myelin thickness. As expected, 
mice expressing NF-M in which the first highly conserved C-terminal sub-domain was 
deleted did not show any behavioral deficits in response to noxious stimuli.  
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Introduction 
Maturation of the peripheral nervous system requires establishment of axonal 
diameter, a fundamental axonal property that influences the rate of action potential 
propagation (Waxman, 1980). Myelination is necessary for rapid impulse transmission 
(Huxley and Stampfli, 1949) and occurs on axons that are greater than 1 µm (Duncan, 
1934). Myelination increases conduction rates by preventing charge loss and reducing 
membrane capacitance (Huxley and Stampfli, 1949, Koles and Rasminsky, 1972, 
Rasminsky and Sears, 1972). Myelination also initiates cell biological changes in axons 
resulting in larger axonal diameters (de Waegh et al., 1992) further decreasing axonal 
resistance (Hursh, 1939, Boyd and Kalu, 1979). 
 Radial growth, the increase in axonal diameter that occurs with 
myelination (Cleveland, 1996), is dependent upon both myelination (de Waegh et al., 
1992) and neurofilaments (NFs) (Ohara et al., 1993, Zhu et al., 1997). NFs are type IV 
members of the intermediate filament (IF) protein family that have 10-nm diameter 
(Ching and Liem, 1993, Lee et al., 1993). NFs are obligate heteropolymers, and can be 
composed of neurofilament light (NF-L), neurofilament medium (NF-M), and 
neurofilament heavy (NF-H) (Lee et al., 1993).  Recent data suggest that α-internexin, 
an IF protein, is a potential fourth subunit of NFs in the adult central nervous system 
(Yuan et al., 2006a), while peripherin, another IF protein, is a potential subunit of NFs in 
the adult PNS (Yuan et al., 2012). However, the actual composition of mature 
heteropolymers varies according to developmental stage (Shen et al., 2010). NFs differ 
from other IF proteins in that they have side arms that project radially from the core of 
the mature 10-nm filament (Hirokawa, 1982, Lee et al., 1993). These side arms are the 
C-termini of both NF-M and NF-H (Hirokawa et al., 1984, Hisanaga and Hirokawa, 1988), 
and they contain central lysine-serine-proline (KSP) repeats that have four variants: KSP, 
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KXSP, KXXSP and KSD in which the serine residues become highly phosphorylated in 
vivo (Julien and Mushynski, 1982, 1983). 
Gene targeting of NFs established that NF-M (Elder et al., 1998a) and NF-L (Zhu 
et al., 1997) were required for radial growth as loss of each of these subunits resulted in 
small caliber axons with slowed conduction velocities (Kriz et al., 2000b). Moreover, NF-
M C- terminus was identified as the critical sub-domain for radial growth (Garcia et al., 
2003). For years phosphorylation of NF-M C-terminal KSP repeats was thought to 
regulate radial axonal growth (de Waegh et al., 1992, Yin et al., 1998). However, mice 
expressing KSP phospho-incompetent NF-M had no reduction in radial growth of motor 
axons as was observed in alterations in NF-M C-terminally truncated mice (Garcia et al., 
2003, Garcia et al., 2009). Taken together, these data suggest that NF-M C-terminus 
established axonal diameter by a mechanism that was independent of KSP 
phosphorylation (Garcia et al., 2003, Garcia et al., 2009). 
Molecular phylogenetic analysis suggested that the NF-M C-terminus was not a 
single domain, but instead, consisted of three sub-domains (Barry et al., 2010). 
Additional results gained from the NF-M C-terminus evolutionary study suggested that 
increased axonal diameter correlated with expansion in KSP repeats within the NF-M C-
terminus (Barry et al., 2010). Moreover, gene-targeted mice confirmed that increasing 
the length of NF-M C-terminus increased radial growth of large motor axons (Barry et al., 
2012).  Therefore, if the overall length (all three sub-domains) of NF-M C-terminus is 
necessary for radial growth, the idea then would be that decreasing the length may 
decrease its projection from the core allowing shorter-range interactions, resulting in 
reduced radial growth. Moreover, as all three sub-domains were deleted in the original 
C-terminal truncation (Garcia et al., 2003), it is possible that all three domains of NF-M 
C-terminus are required for radial growth. To test this new hypothesis, we have applied 
gene replacement to delete the first highly conserved NF-M C-terminal sub-domain. This 
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region of the NF-M C-terminus constitutes 85 amino acids that occur NH2-terminal to the 
KSP repeat sub-domain.  
 
Experimental Procedures 
 
Animals. Mice were housed in microisolator cages on a 12-h light/dark cycle, and were 
given food and water ad libitum. All procedures were in compliance with the University of 
Missouri and University of California San Diego Animal Care and Use Committees and 
with all local and federal laws governing the humane treatment of animals. 
 
Site directed mutagenesis and construction of NF-M∆85 mice by gene replacement. A 
genomic clone isolated from mouse 129 SVJ library was used for construction of NF-
M∆85, a generous gift from J. P. Julien (Jacomy et al., 1999). ~1.1 kb AccI/AccI fragment 
of NF-M exon 3 was subcloned into pBluescript KS. Site directed mutagenesis was 
utilized to introduce two novel Xho I restricton sites that when digested and self-ligated 
resulted in deletion of 255 nucleotides from nefm exon 3. Deletion of these nucleotides 
resulted in deletion of 85 amino acids at the NH2-terminal end of NF-M C-terminus, 
which was the first highly conserved domain within NF-M C-terminus. Moreover, this 
deletion did not disrupt the KLLEGEE motif that was required for mature filament 
formation. Additionally, this strategy resulted in the retention of 8 amino acids NH2-
terminal to the first KSP repeat. DNA sequence analysis confirmed the deletion of 85 
amino acids just prior to KSP sub-domain in NF-M C-terminus without the introduction of 
additional sequence changes (data not shown). The modified NF-M fragment was 
recloned back into the nefm gene. Nefm 5’ UTR and 3’ URT regions were amplified from 
mouse 129SvEv genomic DNA to increase homology from 5 kb to a total of 8 kb. 
Diphtheria toxin alpha gene with poly adenylation (DT-ApA) clone was a generous gift 
from Y. Yanagawa and T. Yagi (Yanagawa et al., 1999). DT-ApA was introduced at the 3’ 
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end of the construct as a negative selection marker. Finally, the nefl 3’ UTR and a PKG 
Neo cassette were cloned at the 3’ end of nefm exon 3 (inserted at the SalI and SalI 
sites, which were cloned into the nefm 3’ UTR using a linker). The targeting construct 
was linearized with AatII and electroporated into mouse 129SvEv ES cells (Millipore 
Corporation) by the MU Transgenic Core and selected with G418 and 250µg/ml (Joyner, 
1994). Drug resistant colonies were amplified and screened by PCR at the 3’ end and by 
Southern Blot at the 5’ end. DNA sequence analysis (MU DNA Core) was used to 
ensure incorporation of the nefm ∆85 exon 3. Two out of the 168 ES clones were 
identified to have undergone homologous recombination at both the 5’ and 3’ ends of the 
gene to produce the NF-M∆85  targeted allele. One of the positive ES cell clones was 
injected into mouse C57Bl6 blastocysts, and the MU Transgenic Core implanted 
blastocysts into the uteri of pseudo-pregnant surrogates. Seven chimeric male mice 
were identified from the surrogates. Germ line transmission of the NF-M∆85 allele was 
confirmed by PCR amplification of genomic DNA purified from tail biopsies using 
Invitrogen Taq (Clonentech Laboratories, Inc., A Takara Bio Company, Madison, WI, 
USA) with the following primers: NF-M Exon 3 Forward- 
5’TGCAGAGGGAGAAGAAAGGAGAGGA3’, NF-M 3’UTR Reverse Primer- 
5’AACTGGCGAATCCCTAGGTACAT3’, NF-L 3’UTR Reverse Primer- 
5’GTTGACCTGATTGGGGAGAA3’. Mice of either sex were bred to homozygocity and 
wild type littermates were used as controls.  
 
Detection and quantification of NF proteins by immunoblotting. Sciatic nerves and L5 motor 
and sensory roots were harvested and snap frozen in liquid nitrogen or were homogenized 
immediately. Tissues were homogenized on ice in a buffer containing 50 mM Tris, pH 7.5, 
0.5 mM EDTA, pH 8, and protease inhibitors were added according to manufacturer’s 
instructions. (Complete Mini, Roche, Mannheim, Germany). An equal volume of lysis buffer 
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containing 50 mM Tris, pH 7.5, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, and 2% 
SDS was added. The homogenates were sonicated for 10 seconds 2X, then boiled for 10 
minutes in a sand bath, and clarified by centrifugation at 16000 g for 10 minutes. Protein 
concentration was determined using the Bio-Rad Protein Assay kit (Bio-Rad, Hercules, CA, 
USA). Protein extracts were resolved on 7.5% SDS-polyacrylamide gels and transferred 
onto nitrocellulose membrane or stained with Coomassie-blue. NF-L (CPCA-NF-L, EnCor 
Biotechnology, Gainesville, FL, USA), NF-M (CPCA-NF-M, EnCor Biotechnology, 
Gainesville, FL, USA) and NF-H (CPCA-NF-H, EnCor Biotechnology) were identified with 
polyclonal antibodies. Phosphorylated NF-H and NF-M were identified using a mouse 
monoclonal antibody that recognizes the protein in a phospho-dependent manner (SMI-31, 
Covance, Emeryville, CA, USA). Mouse and chicken primary antibodies were detected with 
donkey anti-mouse and goat anti-chicken secondary antibodies conjugated to IRdye-700X® 
infrared fluorophores (Rockland, Gilbertsville, PA, USA) respectively. Immunoreactive bands 
were visualized by infrared detection with an Odyssey image scanner (LICOR Biosciences, 
Lincoln, NE, USA). Quantification of immunoblots was performed by the relative optical 
density (ROD) method. Absolute intensities of the immunoreactive bands were obtained 
using Photoshop (Adobe Systems Inc.) and RODs were calculated in the following manner: 
(SMI-31 mean intensity – background mean intensity)*(number of pixels)/(CPCA-NF-H 
mean intensity - background intensity)*(number of pixels). Optical densities of 
immunoreactive bands were calculated as follows: (absolute intensity – background 
intensity)*(number of pixels) Average optical densities for each genotype were calculated 
and compared to the wild type averages, which were arbitrarily set to a value of 1. All optical 
densities were analyzed for statistical significance by one-way ANOVA with Holm-Sidak post 
hoc analysis for pair wise comparisons or by a Student’s t-test (SigmaPlot, Systat Software). 
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Tissue preparation for axon morphometry. Mice were euthanized and perfused 
transcardially with a fixative solution of 2.5% glutaraldehyde, 4% paraformaldehyde in 0.1 M 
cacodylate buffer, pH 7.2, and post-fixed overnight in the same buffer.  Fifth lumbar nerve 
roots were dissected, treated with 2% osmium tetroxide, washed, dehydrated, and 
embedded in Epon-Araldite resin. Thick sections (0.75 µm) for light microscopy were stained 
with ρ-phenylenediamine. Images of transverse sections of L5 motor axons were collected 
with a Zeiss Axio Imager A1 light microscope (Carl Zeiss MicroImaging GmbH, Jena, 
Germany) and analyzed in at least five mice per genotype and age group. Entire roots were 
imaged, imaging thresholds were selected individually, and the cross-sectional area of each 
axon was calculated and reported as a diameter of a circle of equivalent area using the 
AxioVision Digital Image Processing Software (Carl Zeiss MicroImaging). The total number 
of axons was analyzed for statistical significance by a two-way ANOVA (SigmaPlot, Systat 
Software, Inc.). Axonal diameters were grouped into 5 µm bins. Diameter distributions for 6-
month-old motor axons were analyzed for statistical significance by a two-way ANOVA. 
Myelin thickness and g-ratios were calculated by measuring the axonal diameter and fiber 
diameter of individual axons for at least 10% of all axons per motor root using AxioVision 
Digital Image Processing Software (Carl Zeiss Micro imaging). G-ratios were analyzed for 
statistical significance by a Student’s t-test (SigmaPlot, Systat Software, Inc.). 
 
Nerve conduction velocity measurements. Nerve conduction velocities were measured in 
the sciatic nerve, interossseus muscle system of 6-month-old mice (Calcutt et al., 1990). In 
brief, mice were anesthetized with halothane (4% in O2 for induction, 2-3% for maintenance) 
with body temperature maintained at 37 °C by a heating lamp and thermal pad connected to 
a temperature regulator and a rectal thermistor probe. The sciatic nerve was stimulated with 
single supramaximal square wave pulses (4-8 V and 0.05 ms duration) via fine needle 
electrodes placed at the sciatic notch and Achilles tendon. Evoked electromyograms were 
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recorded from the interossseus muscles of the ipsilateral foot via two fine needle electrodes 
and displayed on a digital storage oscilloscope. The distance between the two sites of 
stimulation was measured using calipers, and conduction velocity was calculated as 
previously described (Calcutt et al., 1990). Measurements were made in triplicate from a 
minimum of six animals per genotype, and the median was used as the measure of velocity. 
Values were compared for overall statistical significance by a Student’s t-test (InSat, 
GraphPad Software, la Jolla, CA, USA) 
 
Thermal Nociception. Thermal nociception was monitored using a Paw Thermal 
Stimulator System (Department of Anesthesiology, University of California, San Diego). 
Mice were placed under wire cages on a heated glass surface. Latencies of tail, hind and 
front limb withdrawal from a focused source of light were measured. Latencies of 
withdrawal were converted to temperatures by the construction of a standard curve using 
an attached thermocouple under the glass surface. Averages were analyzed for statistical 
significance by student’s t-test (SigmaPlot, Systat Software Inc., San Jose, CA, US). 
 
Results 
 
Site-directed mutagenesis and replacement of NF-M with deletion of 85 amino 
acids at the NH2-terminal end of NF-M C-terminus  
To replace Exon 3 of the mouse NF-M gene (nefm exon 3) with NF-M exon 3 that has a 
255 bp deletion upstream the KSP region, an AccI/AccI fragment of nefm exon 3 was 
subcloned into pBluescript. Using AccI/AccI fragment of nefm exon 3, site directed 
mutagenesis was utilized to introduce two novel Xho I restricton sites that when digested 
and self-ligated resulted in deletion of 255 nucleotides from nefm exon 3. Deletion of 
these nucleotides resulted in deletion of 85 amino acids at the NH2-terminal end of NF-M 
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C-terminus, which was the first highly conserved domain within NF-M C-terminus. 
Moreover, this deletion did not disrupt the KLLEGEE motif that was required for mature 
filament formation. Additionally, this strategy resulted in the retention of 8 amino acids 
NH2-terminal to the first KSP repeat. The mutagenized fragment was cloned back into 
full-length nefm genomic clone. The final targeting construct contained 8 kb of homology, 
including an added 3’ untranslated region (3’UTR) and polyadenylation signal from the 
murine nefl gene and neomycin phosphotransferase gene (Fig. 3.1). Following ES cell 
electroporation, two out of 168 clones were identified to have recombined the modified 
nefm construct into one of the endogenous nefm alleles.  The clones were injected into 
C57BL/6 blastocysts to produce chimeric animals that when bred to C57BL/6 mice 
transmitted the chimeric nefm (referred to as NF-M∆85) allele to their progeny.  Mating 
pairs of mice heterozygous for the NF-M∆85 allele produced homozygous animals at the 
expected Mendelian frequency.  The homozygous progeny were viable, fertile and 
displayed no overt phenotype through 2 years, the oldest age analyzed.  
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Expression of NF-M∆85 decreased electrophoretic mobility of NF-M and resulted in 
compensatory changes in NF subunits 
Upon SDS-PAGE fractionation, mouse NF-M subunits in sciatic nerve extracts 
taken from 2 and 6-month-old mice migrated at a molecular weight of ~150 kiloDaltons 
(kDa) (Fig. 4.2 A and Fig 4.2 D). Coomassie blue staining revealed that NF-M∆85 
migrated at ~130 kDa (Fig. 4.2 A and Fig 4.2 D). Immunoblotting with an antibody 
specific to an epitope at the end of the NF-M rod domain (CPCA- NF-M) confirmed the 
difference in the electrophoretic mobilities of the wild type and NF-M∆85 proteins. At 2 
(Fig 4.2 B) and 6 (Fig 4.2 E) months NF-M∆85 protein levels were increased in NF-
M∆85/85 and NF-M∆85/wt mice. Immunoblots suggested an increase in NF-L (CPCA-NF-L, 
EnCor Biotechnology) protein levels at 2 (Fig. 4.2 B) and 6 months (Fig. 4.2 E) months in 
NF-M∆85/85 and NF-M∆85/wt mice, but only expression levels at 2 months were significant.  
NF-H (CPCA-NF-H, EnCor Biotechnology) protein levels appeared similar at 2 months 
(Fig. 4.2 B), but were increased at 6 months (Fig. 4.2E) in NF-M∆85/85 mice.   
Detection of phospho-epitopes of NF-M and NF-H recognized by SMI-31 (SMI-31, 
Covance) revealed an increase in NF-M phosphorylation, though this increase did not 
reach statistical significance, while NF-H phosphorylation was unaffected in NF-M∆85 
mice at 2 (Fig. 4.2 G) and 6 (Fig. 4.2 H) months.  
Relative optical density (ROD) analysis was performed to quantify NF subunit 
expression (Fig 4.2 C and 4.2 F). ROD analysis suggested that expression levels of NF-
M were increased in NF-M∆85/85 and NF-M∆85/wt mice at both time points (Fig. 4.2 C and 
Fig. 4.2 F). At 6 months, ROD levels for NF-H were also increased in NF-M∆85/85 and NF-
M∆85/wt mice (Fig 4.2 F). Statistical differences were found in subunit expression at either 
time point following statistical analysis of RODs by one-way ANOVA followed by a Holm-
Sidak post hoc analysis for pair wise comparisons. 
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Motor nerve conduction velocity was unaffected in NF-M∆85 mice  
Axonal diameter together with myelination determines the speed of impulse conduction 
(Hursh, 1939, Boyd and Kalu, 1979, Garcia et al., 2003).  Reducing axonal diameter 
causes conduction velocity slowing (Sakaguchi et al., 1993). Therefore, motor nerve 
conduction velocities (MNCVs) were measured in the sciatic nerve of 6-month-old wild 
type and NF-M∆85 mice (7 mice per genotype). MNCV was unaltered in NF-M∆85 relative 
to wild type mice (Fig 3.3). 
 
Decreasing the length of the NF-M C-terminus did not decrease radial growth of 
large myelinated axons 
 
To determine whether decreasing the length of the NF-M C-terminus influences 
radial axonal growth, the size of all axons within the 5th lumbar motor root was 
determined at 6 months (Fig. 3.4). Cross-sectional areas were measured for all axons at 
6 months and corresponding diameters were calculated (Fig 3.4). Accumulation of wild 
type and NF-M∆85 protein yielded bimodal distributions of motor axons (Fig. 3.4). The 
peak diameter of the smaller (< 4µm) classes of myelinated fibers of NF-M∆85   axons 
was indistinguishable from wild type. Interestingly, the peak diameter of large motor 
axons  (> 4µm) from NF-M∆85 mice was increased relative to wild-type littermates. These 
results demonstrated that decreasing the length of NF-M C- terminus did not decrease 
axonal diameter of large motor axons.  
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Response to noxious stimuli is unaltered in mice expressing NF-M∆85 C-terminus 
In rodents latencies in limb and tail withdrawal responses were measured when 
thermal stimulus was applied to activate C- and A- fiber nociceptors (Yeomans et al., 
1996, Dirig et al., 1997). To determine if NF-M∆85 mice had alterations in response to 
pain/touch, thermal nociception (Paw Thermal Stimulator System) response times to 
thermal stimuli were measured. Nociception was monitored in the tail and each hind and 
front limb of 6-month NF-M∆85 and wild type mice (32 mice per genotype) (Fig. 3.5). NF-
M∆85 mice displayed a decreased response to thermal stimuli in the left hind (LH) limb, 
and right hind (RH) limb compared to wild type controls, though this decrease did not 
reach statistical significance. The tail and front limbs did not demonstrate significant 
differences in the temperature needed to induce a response. These results provide direct 
evidence that response to noxious stimuli was unaltered in NF-M∆85 mice.  
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Discussion 
 We generated a novel line of genetically modified mice in which we have 
applied gene replacement and behavioral techniques to determine the phenotype 
associated with expressing NF-M in which the first highly conserved C-terminal sub-
domain was deleted. The deleted region of the NF-M C-terminus constitutes 85 amino 
acids that occur NH2-terminal to the KSP repeat sub-domain (referred to as NF-M∆85). 
Our analysis suggested that decreasing the length of the NF-M C-terminus resulted in 
compensatory increases in other NF subunits. Previous results suggested that 
compensatory changes in NFs were associated with altered phosphorylation levels 
(Garcia et al., 2003, Garcia et al., 2009). Therefore, it is possible that the alterations in 
expression associated with NF-M∆85 reflect loss of previously unidentified 
phosphorylation sites in the first 85 amino acids of NF-M. Alternatively, it is possible that 
deletion of these 85 amino acids altered the structure of the NF-M C-terminus such that 
KSP phosphorylation sites were not accessible to kinases.  
Surprisingly, expressing NF-M∆85 does not appear to have decreased axonal 
diameter in large motor axons of 6-month-old mice. Interestingly, despite an increase in 
the diameter, MNCVs of the largest fibers in the sciatic nerve were unaltered in NF-M∆85 
mice. Remarkably, similar results were observed in NF-MBovineTail mice.  Expansion of the 
NF-M C- terminus resulted in increased axonal diameter with no increase in MNCV 
(Barry et al., 2012). Failure to increase conduction velocity in larger motor axons was 
due to myelin sheaths that failed to expand proportionally.  Comparing myelin thickness 
at 2 and 6 months indicated that NF-MBovineTail mice did not increase their myelin 
thickness in response to larger axonal diameters (Barry et al., 2012). Moreover, glial 
receptor NRG1 type III was identified as the critical regulator of Schwann cell 
myelination (Michailov et al., 2004). Increased expression of NRG1 type III resulted in 
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significantly thicker myelin sheaths (Michailov et al., 2004), but axonal diameter 
appeared largely unaffected. Taken together, these data suggested that axon size–
dependent myelination requires an exponential increase of neuronal Nrg1 gene 
expression as a function of the overall axonal dimension. Therefore, it can be inferred 
that genetically manipulated axons with increased diameters  (NF-M∆85 and NF-
MBovineTail ) have unchanged myelin thickness because Nrg1 expression levels were not 
manipulated as a function of their respective diameters.  
Analysis of mice expressing NF-M∆85 revealed that the diameter of large motor 
axons was significantly increased at 6 months compared to wild type. Mice with wild type 
NF content have an initial burst of radial growth at 2 months of age, which continues 
through 6 months of age. So it was important to observe the growth of axons at the 6-
month time point where they should achieve their largest diameter. Also, it was equally 
critical to do complete data sets that include behavioral tests such as MNCVs, which can 
only be performed at 6 months.  However, we cannot rule out alterations at 2 months, as 
previous results suggested that altering NF-M can affect diameter distributions at 2 
months in animals that had no alterations in axonal diameter at 6 months. Further work 
will be needed to address this point. As expected, NF-M∆85 mice did not show any 
behavioral deficits in response to noxious stimuli.  
Sequence analysis (Barry et al., 2010) and mouse genetics (Barry et al., 2012) 
have suggested that longer NF-M C-termini are associated with larger axon diameters. 
However, this is the first direct test of this hypothesis in which the overall length of NF-M 
C-terminus was reduced. While direct measurements of axonal diameters have yet to be 
completed, these analyses suggested that the overall length of NF-M C-terminus is not 
required for radial growth. Deletion of the first conserved domain was the only 
mechanism to directly address this important hypothesis. Evidence suggested (Hirokawa 
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et al., 1984, Hisanaga and Hirokawa, 1988) that the second conserved domain, which 
occurs at the very distal end of NF-M C-terminus, directly associates with other NFs and 
microtubules. Therefore, deleting the second domain may reduce axonal diameter by 
reducing NF-M C-terminal length, preventing NF-M C-terminal association with other 
cytoskeletal proteins or both. While it is clear that NF-M C-terminus determines axonal 
diameter of motor axons (Garcia et al., 2003, Rao et al., 2003), the precise mechanism 
is still to be determined.   
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CHAPTER 4 
CONCLUSIONS 
 
Signaling within the nervous system occurs from and to the periphery of 
organisms over long distances. Due to the distance that the signals must travel, rapid 
signaling is necessary for organisms to adapt quickly. Vertebrate neurons conduct 
signals rapidly due to axonal myelination (Huxley and Stampfli, 1949).  Myelination is a 
process by which glial cells of the nervous system ensheath the axon with concentric 
layers of membrane known as compact myelin.  The myelin insulates the axon to 
prevent charge loss during signal conduction and reduces capacitance along the axon 
contributing to increased rate of signal conduction (Koles and Rasminsky, 1972, 
Rasminsky and Sears, 1972). Myelination also induces the axon to undergo radial 
growth, which increases the efficiency by which charge spreads along the axon during 
signal conduction (Hursh, 1939, Rushton, 1951). Radial growth of myelinated axons is, 
therefore, an important developmental process that allows for fast signaling in the 
mature nervous system.  
Neurofilaments and the formation of compact myelin were both required for radial 
axonal growth (de Waegh et al., 1992, Ohara et al., 1993, Sakaguchi et al., 1993, Zhu et 
al., 1997). NF-M and NF-H subunits were more heavily phosphorylated in myelinated 
regions of axons relative to unmyelinated regions of the same axon (de Waegh et al., 
1992, Hsieh et al., 1994). It was, therefore, hypothesized that myelination regulated NF 
phosphorylation which then influenced radial growth of axons (Cleveland, 1996). 
According to the hypothesis, the more heavily phosphorylated NF-H was predicted to be 
the critical subunit for radial growth. Deletion of NF-H resulted in a various magnitudes of 
reductions in radial growth resulting in axonal diameters that were smaller than wild type 
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mice (Elder et al., 1998b, Rao et al., 1998, Zhu et al., 1998). However, all observed 
reductions in radial growth were less than predicted. NF-M deletion resulted in 
reductions in radial growth resulting in axonal diameters that were similar in size to 
axons completely devoid of all neurofilaments (Zhu et al., 1997, Elder et al., 1998a). 
Taken together, these data suggested that NF-M was the critical subunit for radial 
axonal growth.  
Radial growth was analyzed in mice expressing C-terminally truncated NF-H and 
NF-M, which had the advantage of not altering subunit stoichiometry inherent to classic 
gene deletion studies. Analysis of radial growth in mice expressing C-terminally 
truncated NF-H suggested that the longer and more heavily phosphorylated NF-H C-
terminus was not important for overall radial growth (Rao et al., 2002, Garcia et al., 
2003). Moreover, analysis of radial growth in mice expressing C-terminally truncated NF-
M suggested that NF-M was essential for radial growth (Garcia et al., 2003, Rao et al., 
2003). Mechanistically, it was hypothesized that truncation of the entire NF-M C-
terminus deleted essential phosphorylation sites that occur on highly conserved lysine-
serine- proline (KSP) repeats (Garcia et al., 2003, Rao et al., 2003). However, 
preventing NF-M KSP phosphorylation in mice did not prevent radial growth (Garcia et 
al., 2009). Moreover, sequence analysis (Barry et al., 2010) and mouse genetics (Barry 
et al., 2012) have suggested that longer NF-M C-termini are associated with larger axon 
diameters. It was, therefore, hypothesized that lengthening the NF-M C-terminus was a 
mechanism utilized to increase axonal diameter and conduction velocity as mammals 
evolved larger body plans.  
Gene targeted mice has given significant insight into the effects of NF-M C-
terminus on radial growth. However, these analyses were limited to motor axons. In my 
dissertation I have contributed new insights that suggest that increased axonal diameter 
in sensory axons was selected for through a mechanism that was different from motor 
 
 
69 
axons and was independent of NF C-termini. Moreover, my work provided a direct test of 
the hypothesis that suggests that the overall length of the NF-M C-terminus is required 
for radial growth. 
 
4.1. The mechanism(s) by which sensory axons regulate axonal growth was 
different from motor axons and was independent of NF C-termini 
Truncation of NF-M C-terminus, including all of its phosphorylation sites resulted 
in reduced radial growth with slowed conduction velocities (Garcia et al., 2003), which 
appeared to support the phosphorylation hypothesis of radial growth. However, 
generation of KSP phospho-incompetent NF-M mice had no effect on axonal diameter 
(Garcia et al., 2009). Taken together, these results suggested that NF-M C-terminus 
regulates radial growth in a phospho-independent manner in maturing neurons. Recent 
findings suggested that the overall length of the C-terminus affected radial growth as 
replacing mouse NF-M C-terminus with bovine exon 3 resulted in an increase in the 
magnitude of radial growth (Barry et al., 2012). However, these analyses were 
performed primarily on motor axons.  Due to the limited analysis of sensory axons, the 
contribution of NFs to radial growth of sensory axons is unclear. Therefore, I extended 
analysis of radial growth in sensory axons of existing mouse lines that express NF-MTailΔ, 
NF-(M/H)TailΔ , NF-MS->A and  NF-MBovineTail  to determine if genetic modifications to NF-M 
C-terminus also affect sensory axon morphology. Truncation of neurofilament medium 
(NF-MTailΔ ) or both neurofilament medium and heavy (NF-(M/H)TailΔ) did not affect the 
peak or overall diameter distributions of sensory axons. However, truncating NF C-
termini altered survival of sensory axons in mice. Preventing KSP phosphorylation (NF-
MS->A) as well as expansion of the C-terminus of neurofilament medium (NF-MBovineTail) 
did not alter radial growth or affect neuronal survival of sensory axons. My analysis of 
the role of NF C-termini in sensory neurons suggests that neurofilaments can have 
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significantly different effects on neurons derived from different tissues. However, NF 
dependent phosphorylation does not affect axonal morphology for either motor or 
sensory axons. 
 
4.2. The overall length of NF-M C-terminus is not required for radial growth 
of large motor axons 
Molecular phylogenetic analysis suggested that the NF-M C-terminus was not a 
single domain, but instead, consisted of three sub-domains (Fig 1.9 (Barry et al., 2010). 
Additional results gained from the NF-M C-terminus evolutionary study suggested that 
increased axonal diameter correlated with expansion in KSP repeats within the NF-M C-
terminus (Barry et al., 2010). Moreover, gene-targeted mice confirmed that increasing 
the length of NF-M C-terminus increased radial growth of large motor axons (Barry et al., 
2012).  Therefore, if the overall length (all three sub-domains) of NF-M C-terminus were 
required for radial growth, the idea then would be that decreasing the length might 
decrease its projection from the core allowing shorter-range interactions, resulting in 
reduced radial growth. Moreover, as all three sub-domains were deleted in the original 
C-terminal truncation (Garcia et al., 2003), it is possible that all three domains of NF-M 
C-terminus are required for radial growth. To test this new hypothesis, we have applied 
gene replacement to delete the first highly conserved NF-M C-terminal sub-domain. This 
region of the NF-M C-terminus constitutes 85 amino acids that occur NH2-terminal to the 
KSP repeat sub-domain.  
Surprisingly, expressing NF-M∆85 resulted in an increase in the peak diameter of 
large motor axons  (> 4µm) relative to wild-type littermates. Interestingly, despite an 
increase in the diameter at 6 months, MNCVs of the largest fibers in the sciatic nerve 
were unaltered in NF-M∆85 mice, possibly due to lack of increased myelin thickness. This 
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is the first direct test of this hypothesis in which the overall length of NF-M C-terminus 
was reduced. While direct measurements of axonal diameters have yet to be completed, 
these analyses suggested that the overall length of NF-M C-terminus is not required for 
radial growth. While it is clear that NF-M C-terminus determines axonal diameter of 
motor axons (Garcia et al., 2003, Rao et al., 2003), the precise mechanism is still to be 
determined. 
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